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Objective: Proper proximal fixation and stent-graft sealing within the aneurysm neck are critical for endovascular
aneurysm repair (EVAR) durability. Computed tomography angiography (CTA) is the gold standard for preoperative
sizing of endograft diameters, but the accuracy of these measurements is uncertain because they rely on static images of
a dynamic process. The aortic configuration and diameter may change during the cardiac cycle. We studied these
phenomena using dynamic electrocardiograph-triggered magnetic resonance angiography (MRA).
Methods: Eleven consecutive EVAR patients were included. Dynamic MRA was used to perform preoperative and
postoperative measurements. Changes were measured in transverse aortic sections 10 mm below the lowest renal artery
(level A), at the level of the renal arteries (level B), and 3 cm above the lowest renal artery (level C). Data were analyzed
using image segmentation software. Aortic area and diameter changes along 256 axes were determined.
Results:Dynamic MRA demonstrated significant aortic area changes during the cardiac cycle before and after EVAR at all
three measured levels. Pre-EVAR aortic area significantly increased per cardiac cycle: 8.4% at level A; 9.3% at level B; and
13.3% at level C (P < .001 for all levels). Post-EVAR aortic area increased 9.7% at level A, 9.6% at level B, and 15.8% at
level C per cardiac cycle (P < .001 for all levels). Significant diameter changes during cardiac cycles were also observed at
all three levels. Pre-EVAR mean diameter changed up to 8.9% (P < .001) compared with post-EVAR aortic changes of
up to 11.5% (P < .001). EVAR had no effect on change in aortic area and diameter. Dynamic MRA also demonstrated
that pulsatile aortic distension was not equal in all axes, but rather occurred as an asymmetrical expansion and
contraction.
Conclusion: In patients with (atherosclerotic) aneurysm disease, the aortic dimensions at the level of and proximal to the
aneurysm neck change during the cardiac cycle. This phenomenon is preserved after EVAR. Therefore, maximum
diameter using dynamicMRAmay not be similar to the maximum diameter with static CTA in all patients, and a standard
regimen of 10% to 15% oversizing of an endograft based on static CTA images may be inadequate for some patients.
Further studies using dynamicMRA to evaluate effects of different endografts are anticipated, with possible consequences
for endograft designs. ( J Vasc Surg 2006;44:22-8.)Endovascular aneurysm repair (EVAR) has emerged
from its infancy in 1991 to become the preferred treatment
modality for appropriately selected patients with abdominal
aortic aneurysms (AAA).1 Properly selected patients with
AAAs treated with EVAR can expect improved outcomes, a
shorter hospital stay, and less surgical morbidity in the early
postoperative period compared with conventional open
surgery.2,3 Patient selection has been based primarily on
anatomic considerations, with most attention directed to-
wards proper sizing of the endograft within the infrarenal
aneurysm neck.4,5 Most preoperative imaging protocols
use computerized tomography angiography (CTA) with
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22three-dimensional (3D) reconstructions for sizing and
planning.6,7 However, several centers have reported suc-
cessful use of magnetic resonance angiography (MRA) in
preoperative EVAR planning with similar results to that of
CTA.8,9
Regardless of modality, the resulting images are static
images, irrespective of the obvious fact that the human
aorta exists in a dynamic environment. Aortic compliance
and cardiac pulsatility naturally result in conformational
changes during the cardiac cycle.10,11 With the current
high-speed multislice CT scans, the time it takes to scan the
neck of an aneurysm only takes a fraction of the cardiac
cycle. The static images acquired may represent the aortic
neck during diastole (minimum diameter) or systole (max-
imum diameter), or somewhere in between. Subsequent
sizing decisions are then made from these image measure-
ments. The presence of significant pulsatile aortic neck
variation may have serious implications for EVAR design,
durability, and desirability. The potential exists for im-
proper endograft sizing, with subsequent graft migration,
intermittent type I endoleak, and poor patient outcome.
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preoperative and postoperative aortic dynamics. With these
tools, the effect of placing endografts of varying columnar
strength into a relatively mobile, pulsatile aortic environ-
ment can be evaluated in an effort to improve stent-graft
durability and results. The purpose of this study was to use
high-resolution electrocardiograph (ECG)-gated cine
MRA to characterize aortic pulsatility during the cardiac
cycle at important anatomic aortic landmarks in preopera-
tive and postoperative AAA patients undergoing EVAR.
METHODS
Patients. Eleven consecutive patients were selected for
EVAR and recruited into the study. All were men, with a
median age of 74 years (range, 63 to 78 years). The study
design and protocol were approved by the institutional
medical ethics committee. Informed consent was obtained
from all participants.
Imaging. All scans were performed on a 1.5-T MR
scanner (Gyroscan Intera, Philips Medical Systems, Best,
TheNetherlands). After initial multistack abdominal survey
scans, a coronal balanced gradient fast field echo survey
scan was performed to localize the renal arteries and aortic
aneurysm. Transverse high-resolution scans with retrospec-
tive ECG gating were then obtained perpendicular to the
long axis of the aorta at three levels. Level A was 1 cm below
the lowest renal artery, level B was between the renal
arteries, and level C was 3 cm above the lowest renal artery
(Fig 1). The acquired voxel size was 2.1  0.78  6.0 mm3,
with a field of view of 400  320 mm2 and using a scan
percentage of 267% in the anteroposterior direction. The
reconstructed voxel size was 0.78  0.78  6.0 mm3,
obtained with a reconstructed matrix of 512  512 pixels.
Scan duration for obtaining a data set of 16 heart phases
within each cardiac cycle was approximately 4 minutes at
each level.
Preoperative imaging MR scans were acquired in all
patients the day before surgery. Sizing measurements were
performed perpendicular to the central lumen line using
preoperative static CTA with 20% oversizing according to
institutional protocol. EVAR was performed by one sur-
geon using the Talent (Medtronic, Santa Rosa, Calif) or
Excluder (W. L. Gore & Assoc, Flagstaff, Ariz) stent-graft
systems. Postoperative MR scans were obtained 1 day after
surgery (Fig 2). Preoperative and postoperative scans were
technically successful, and cine loop images were obtained
for all levels in each study patient (Video, online only).
Image quality was considered to be excellent for all 11
patients.
Analysis. Dynamix software (Image Sciences Insti-
tute, Utrecht, The Netherlands) was used to analyze the
dynamic scans. This software was developed to perform
automated segmentation and measure changes in area and
diameter at predetermined aortic levels (Fig 3). Each seg-
mentation was independently reviewed manually by two
blinded observers, and minor adjustments in the segmen-
tation for small irregularities were required in approxi-
mately 35% of the images. Areas and minimum and maxi-mum diameter along 256 axes, equally-spaced and through
the center of mass of the aortic lumen, were also calculated
during cardiac cycles.
Statistical analysis of changes in area and diameters were
performed using a Student’s ttest for paired data. Signifi-
cance was assumed at P  .05. Data on area and diameter
were expressed as mean  standard deviation. Analysis of
measurement method comparison data according to Bland
and Altman were performed to analyze repeatability and to
compare measurements by two observers as well as com-
paring dynamic MRA and CTA data.12
RESULTS
Aortic area. Preoperative aortic area changed signifi-
cantly during each cardiac pulsation at each of the three
anatomic levels: above, at the level of, and below the renal
arteries. At level A (within the aneurysm neck), the aortic
area changed from 476 144mm2 to 512 143mm2 per
cardiac cycle (P  .001); at level B (between the renal
arteries), it changed from 471 70mm2 to 514 71mm2
(P .001); and at level C (3 cm above the renal arteries), it
changed from 475 86mm2 to 535 88mm2(P .001)
(Fig 4). This corresponded to a pre-EVAR aortic area
increase of up to 13.3% per cardiac cycle. The intraobserver
repeatability coefficients were 22 mm2 for observer 1 and
16 mm2 for observer 2. The interobserver repeatability
coefficient was 29 mm2. Intraobserver and interobserver
variability showed no significant differences within or be-
tween the observers.
The postoperative aortic area also changed significantly
during each cardiac cycle: from 472  185 mm2to 516 
194mm2 at level A, from 439 66mm2 to 480 66mm2
at level B, and from a low area of 437  87 mm2 to a
maximum area of 503 90mm2 at level C (P .001 for all
levels) (Fig 4). This corresponded to a post-EVAR aortic
Fig 1. Levels at which transverse dynamic MRA scans were ob-
tained. Level A, 1 cm below the lowest renal artery; level B, between
the renal arteries; level C, 3 cm above the lowest renal artery.area increase of up to 15.8% per cardiac cycle, which was
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changes (P  NS). Endograft placement did not signifi-
cantly alter mean area change at any of the levels (Fig 5).
The intraobserver repeatability coefficients were 39 mm2
for observer 1 and 36 mm2 for observer 2. The interob-
server repeatability coefficient was 55mm2. Again, intraob-
server and interobserver variability showed no significant
differences within or between the observers.
Aortic diameter. Aortic diameters changed signifi-
cantly during the cardiac cycle at all measured levels. Pre-
operatively, mean aortic diameter changed from 23.4 3.6
mm to 25.0  3.5 mm at level A (P  .001), from 23.2 
1.8 mm to 24.8 1.8 mm at level B (P .001), and from
23.6  2.2 mm to 25.6  2.2 mm at level C (P  .001)
(Fig 6). At level A, mean diameter changes over 256 axes
ranged between 0.6  0.3 mm and 3.6  0.6 mm. Similar
diameter changes were observed at level B (0.3  0.4 mm
to 3.6  1.0 mm) and at level C (0.7  0.2 mm to 4.2 
0.9 mm). The intraobserver repeatability coefficients were
0.6 mm for observer 1 and 0.8 mm for observer 2. The
interobserver repeatability coefficient was 1.0mm. Intraob-
server and interobserver variability showed no significant
differences within or between the observers.
Postoperatively, mean aortic diameter also changed
significantly during each cardiac cycle. At level A, it
changed from 22.9 4.4mm to 25.1 4.4mm; at level B,
it changed from 22.4 1.8 mm to 24.3 1.8 mm; and at
level C, it changed from 22.8 2.3 mm to 25.2 2.0 mm
(P  .001 for all levels) (Fig 6). Within the 256 different
Fig 2. Preoperative and postoperative representative magnetic
resonance angiography images at level A (A and B) and level C (C
and D). The presence of the endograft does not affect image
quality. The left side demonstrates preoperative images. The right
side demonstrates postoperative images.axes, diameters changed between a minimum of 0.8  0.5mm and a maximum of 4.5  1.0 mm at level A, between
0.4  0.5 mm and 4.2  0.8 mm at level B, and between
1.0  0.4 mm and 4.6  0.8 mm at level C. This change
corresponded with an increase in aortic diameter of up to a
22%. Post-EVAR diameter changes were not different from
pre-EVAR changes (P  NS). Stent-graft placement did
not significantly alter mean diameter change at any of the
levels (Fig 7). The intraobserver repeatability coefficients
were 1.7mm for observer 1 and 1.0mm for observer 2. The
interobserver repeatability coefficient was 1.8 mm. Again,
intraobserver and interobserver variability showed no sig-
nificant differences within or between the observers.
Aortic diameter using dynamic MRA vs static CTA
(before EVAR). The mean maximum diameter for the 11
patients before EVAR showed no significant differences
comparing dynamic MRA and static CTA (mean differ-
ence, 0.9 mm  2.6 mm; P  .29). In one patient,
however, a significantly higher maximum diameter (6.6
mm) was seen with dynamic MRA, even exceeding a 20%
oversizing of the maximum aortic diameter based on static
CTA. During follow-up, a proximal type I endoleak devel-
oped in this patient. A type I endoleak was also seen in one
other patient. The maximum diameter in this patient
showed no significant difference when measurements with
dynamic MRA and static CTA were compared.
DISCUSSION
To our knowledge, this is the first publication of the use
of cine MRA to study the dynamic effects on the aneurysm
neck before and after endograft placement for the treat-
ment of AAAs. High spatial resolution allows precise imag-
ing and subsequent measurements. By using retrospective
ECG gating, time-resolved images at clinically relevant
aortic levels can be acquired, resulting in cine MRA loops
with 16 images per cardiac cycle. We therefore have
achieved excellent temporal and spatial resolution. This
new powerful tool allows one to view dynamic changes in
the aorta with every beat of the heart. The potential impli-
cations of this tool could be enormous to vascular surgeons
and engineers contemplating endograft design, durability,
and potential pitfalls.
This imaging method has some limitations. In addition
Fig 3. Representative preoperative (A) and postoperative (B)
images with the segmentation overlay shown.to the standard contraindications to MRA, only patients
 .
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dynamic MRA. All of our patients received the Talent or
Excluder devices, which are compatible with MRA. Our
institution has previously evaluated the MRI characteristics
of various endografts.13 Of those studied, the AneuRx
(Medtronic), Talent, Excluder, and Quantum LP (Cordis,
Warren, NJ) stent-grafts appear to be amenable to MRI
evaluation, whereas the ferromagnetic properties of the
Zenith (Cook, Bloomington, Ind) and Lifepath (Edwards
Lifesciences, Irvine, Calif) devices resulted in large suscep-
tible artifacts that precluded adequate image quality.13
Therefore, patients with Zenith and Lifepath endografts are
Fig 4. Minimal and maximal aortic area during cardiac
anatomic levels (A, B, and C). Data are means  SD. *P
Fig 5. Preoperative and postoperative mean changes in
and C). Data are means  SD.not currently candidates for this new imaging tool.All measurements were performed at predetermined,
clinically relevant anatomic levels. We chose 3 cm above the
lowest renal artery, at the level of the renal arteries, and 1
cm below the lowest renal artery. These levels corre-
sponded to native aorta, aorta with suprarenal fixation, and
aneurysm neck with endograft fabric, respectively. How-
ever, aortic wall motion obviously occurs at all levels and in
all directions.
This study is limited in evaluating only the three above-
mentioned levels in two dimensions. Three-dimensional
movements might make the analyzed cross-sectional area in
our study move slightly out of plane during the cardiac
s measured preoperatively and postoperatively at three
05.
area during cardiac cycles at three anatomic levels (A, B,cycleaorticcycle. Theoretically, this could have some influences on our
eans
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further interesting results, but this technique, which mea-
sures movement in all possible planes within a reasonable
scan duration, is not yet available in our hospital. Aortic
dynamics may play a role in the design of future endografts.
Pulsatile forces with each heartbeat over a patient’s lifetime
can result in literally millions of repeated stress events
placed upon an implanted endograft. Clinicians have wit-
nessed stent fractures, fabric erosions, suture breakage, and
Fig 6. Preoperative and postoperative minimum and m
cycles at three anatomic levels (A, B, and C). Data are m
Fig 7. Preoperative and postoperative mean changes o
anatomical levels (A, B, and C). Data are means  SD.endograft erosions through native arteries.14-18 Althoughthis report does not evaluate endograft durability, it does
characterize and quantify the dynamic environment in
which endografts are placed. As the frontiers of endograft
design are pressed forward with the development of fenes-
trated and branched endografts, the devices and the dy-
namics become increasingly complex.3,19,20 Cine MRA is a
new tool that could be used to evaluate and potentially
improve future designs.
Computer analysis enabled us to determine the greatest
m aortic diameters in 256 axes obtained during cardiac
 SD. *P  0.05.
tic diameters in 256 axes during cardiac cycles at threeaximuf aorchange in diameter at each predetermined aortic level,
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the center of mass of the aortic lumen during the cardiac
cycle. At the same level and during the same cycle, aortic
diameter can change by as much as 4.2 mm or as little 0.3
mm, depending on which axis is being viewed. This may
imply an asymmetrical expansion of the aorta during sys-
tole.
Data analysis showed a significant change in aortic
diameter and in aortic area, both preoperatively and post-
operatively during the cardiac cycle at each level. In the
studies by Vos et al,21 pulsatile aneurysm wall motion was
negligible before and after EVAR. The measurements in
their studies were performed at the level of the aneurysm
sac, however, not at the level of the undilated aorta proxi-
mal to the aneurysm.21,22 Furthermore, in our study in-
traobserver and interobserver repeatability coefficients were
relatively low. This could be the result of the high quality of
the images and the use of Dynamix software that offered
automated segmentation. Because the preoperative and
postoperative changes in aortic diameter and area exceeded
the above-mentioned repeatability coefficients, these
changes can be considered significant and are therefore
clinically relevant.
No significant differences were seen between the pre-
operative change in aortic area or diameter (pulsatility) and
the changes after EVAR. During the postoperative mea-
surements, however, mean arterial blood pressure was sig-
nificantly lower, which could have influenced these results.
Although stent grafts were oversized by 20%, endograft
placement did not significantly alter the change in aortic
area or in maximum aortic diameter at any of the levels, and
two-dimensional pulsatile aortic wall motion was pre-
served. This contrasts with previous studies that showed a
reduction in aortic diameter and pulsatile wall motion after
EVAR.10,23 However, in these studies evaluations were
performed by ultrasound imaging,10 or on a small group of
patients being evaluated before EVAR compared with a
large group of patients with endoleaks after EVAR.23
Again, measurements (before and after endograft place-
ment) in both studies were performed at the level of the
aneurysm sac.10,23 In fact, to our knowledge, our study is
the first to use dynamic MRA in quantifying aneurysm
pulsatility at three levels encompassing the aneurysm neck,
as mentioned earlier. Previous studies on aneurysm neck
wall movement were either not dynamic,24 were invasive,
contained only small groups of patients, or were in vitro
measurements.25
The preoperative maximum aneurysm neck diameter
comparing dynamic MRA and static CTA showed a signif-
icantly higher diameter in one patient that exceeded an
oversizing of 20% based on static CTA. A proximal type I
endoleak developed in this patient during follow-up. En-
dograft oversizing of 20% based on static CTA may not
have been adequate in this patient.
CONCLUSION
This study introduces the feasibility of cine MRA im-
aging on dynamic aortic wall motion before and afterEVAR at the level of the undilated aorta proximal to the
abdominal aneurysm. Understanding the dynamic proper-
ties in this area could have important affects on stent-graft
fixation and design. Patients with AAAs selected for EVAR
demonstrate changes in aortic diameter with each cardiac
cycle. The native aorta exhibits significant pulsatility, and
this phenomenon is preserved after endograft implantation.
Morphologic changes are very complex, but this study gives
early insight into changing aortic morphology per cardiac
cycle. Future studies using dynamic MRI to determine
rupture risk, effects of different endografts, volumetric
analysis, and even consequences for endograft efficacy and
durability are anticipated.
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